The synthesis and characterization of several new fluoropolymers designed for use in the formulation of photoresists for exposure at 157 run will be described. The design of these resist platforms is based on learning from previously reported fluorine-containing materialsl. We have continued to explore anionic polymerizations, free radical polymerizations, metal-catalyzed addition polymerizations and metal-catalyzed copolymerizations with carbon monoxide in these studies. A new, three component design for 157nm resists will alos be presented. The monomers were characterized by vacuum-UV (VUV) spectrometry and polymers characterized by variable angle spectroscopic ellipsometry (VASE). Resist formulations based on these polymers were exposed at the 157 nm wavelength to produce high-resolution images. The synthesis and structures of these new materials and the details of their processing will be presented.
Introduction
Significant progress has been made in 157 nm resist technology and material development and these developments are continuing at a frantic pace. Many new and interesting polymers are surfacing from these studies. Fluorine-containing polymers have quickly become the prominent platform for a variety of research activities, and a tremendous amount of progress has been made in this area. Since the absorbance of a variety of organic polymers at 157 nm was first reported2, a vast array of fluorine-containing materials has designed, synthesized and evaluated for photolithographic applications.
Anionic polymerizations, free radical polymerizations, metal-catalyzed addition polymerizations and metal-catalyzed copolymerizations with carbon monoxide have all produced materials that have yielded positive-tone images with 157 nm exposure.I'3'4 Feasibility seems to be accepted now and it appears that 157 nm resist technology is moving out of the basic chemistry stage and into a stage of formulation and process development.
Remarkable progress has been made in decreasing the absorbance of carbon-based copolymers by partial fluorination, a process that presumably limits at the absorbance of perfluoroalkanes. 2 The quest for a combination of transparency and the other properties required for resist applications has progressed rapidly from the absorbances near 7µI, which are typical of the poly(hydroxystyrene) based 248nm resists that were used to characterize the lenses of the first 157nm exposure tools to the region of 1-2µI for the best of the norbornane based addition polymers. Asahi Glass Company announced at a recent meeting the most transparent material we are aware that can be imaged. This partially fluorinated cyclopolymer based resist reportedly has an absorbance of approximately 0.7C I . This represents a very rapid reduction in absorbance by over a million fold and is a tribute to the chemists in laboratories all over the world who have contributed to this rapid and remarkable progress. If the intention is to coat the 157nm resists at a thickness of approximately 300nm, the total absorbance of the resist will be in the range of 0.2 which is comparable to the absorbance of the thicker films now used in 248nm imaging applications. It appears that it will certainly be possible to implement traditional, single layer resist processes at 157nm.
Our group has focused our polymer synthesis efforts on learning how to maximize transparency at 157 nm while sustaining etch resistance and imaging performance. By performing vacuum-UV (VUV) studies and analyzing variable angle spectroscopic ellipsometry (VASE) data on appropriate model compounds, we have learned how the fluorine substitution pattern can most effectively decrease polymer absorbance.
We have extensively studied the imaging capabilities of metal-catalyzed addition polymers made from a variety of fluorinated monomers, and have studied how altering protective groups can improve the transparency of these materials. Radical polymerizations have also been studied. The resulting polymers have been used to formulate resist that was imaged at 157 nm to produce positive tone images that will be presented here.
Experimental
Materials: All starting materials were purchased from Aldrich and were used as received unless noted otherwise.
Bicyclo[22.1 ]hept-5-ene-2-(1,1,1-trifluoro-2-trifluoromethylpropane-2-ol) (NBHFA) was received as a gift from JSR Corp., poly(NBHFA) (PNBHFA) was received as a gift from AZ Clariant and 2-trifluoromethacrylic acid was purchased from Honeywell. All solvents were dried by fractional distillation either over Na/K metal or CaH2. All liquid reagents used for VUV measurements were distilled from appropriate drying agents, thoroughly degassed by freezepump-thaw cycles, and sealed in glass ampoules under vacuum.
Synthesis:
The synthesis of 2,2-difluoronorbornane (1) was reported in a previously. 6 The synthesis of molecules 2, 3, and 4 will be reported elsewhere.
The synthesis of polymers 5 and 6 were published in a previous report. 3 Polymer 7 was synthesized from PNBHFA by reacting the homopolymer with an appropriate amount of di-tert-butyl dicarbonate and a catalytic amount of 4-dimethylamino pyridine in THF. The same starting material was reacted with 2.5M n-butyl lithium and chloromethyl ethyl ether in THF to produce polymer 8. Monomer 9 and polymer 10 were synthesized using procedures analogous to those previously reported.3 Monomer 11 was prepared by the cycloaddition of 2-acetoxy-3,3,3 trifluoropropene and cyclopentadiene, followed by hydrolysis with base. Hydrogenation with Pd/C and hydrogen gas provided the reduced 11 b in high yield. An analogous procedure was used for 16. The synthesis of polymers 12 and 15 were carried out at 80°C in bulk under N2 after thorough degassing using AIBN or V601 as the initiator. Monomer 13 was prepared by the cycloaddition of 2-trifluoromethacrylic acid and cyclopentadiene. The resulting adduct was deprotonated with 2.5M n-butyl lithium and reacted with chloromethyl ethyl ether in THF. Monomer 14 was prepared by reacting l,4-bis(2-hydroxyhexafluoroisopropyl)-cyclohexane4 with 2-trifluoromethacryloyl chloride (from 2-trifluoromethacrylic acid and phthaloyl dichloride) and triethylamine in DCM.
Vacuum UV Spectroscopy:
Gas-phase VUV measurements were made on an Acton CAMS-507 spectrophotometer fitted with a custom-made gas cell attachment. The details of the cell design and implementation are the subject of a separate paper.5 VUV spectra of polymer films were calculated from measurements made with a J.A. Woollam VU301 variable angle spectroscopic ellipsometer. The films were cast on bare silica from solutions in propylene glycol monomethyl ether acetate (PGMEA) and baked at 1 l0°C for at least 90 seconds prior to analysis. All absorbance data reported are in base 10. 3. RESULTS AND DISCUSSION Fluorinated Norbornanes:: To gain a better understanding of the effect that fluorination exerts on the absorbance of the norbornane skeleton, a systematic replacement of hydrogen atoms with fluorine was proposed7 in order to measure the effect upon their absorbance at 157 nm. Disubstitution of the 2 and 7 carbon bridges (1 and 2, respectively) has been previously reported. 3 Only recently have we successfully obtained VUV absorbances for 2-fluoro (3) and 7-fluoronorbornane (4) . This study has demonstrated that absorbance in this region relies not only on the number of fluorines substituted on the norbornane ring but also, and perhaps more importantly, on the position of the substitution. As seen in Figure 1 , substituting two fluorines for two hydrogens leads to a higher transparency at 157 nm than substitution with only one fluorine. The VUV spectra also show that introduction of geminal fluorosubstituents on the 2-carbon bridge, rather than the 1-carbon bridge is the most effective substitution pattern. This information led to the conclusion that transparency at 157 nm can be maximized by synthesizing monomers with geminal electron-withdrawing groups such as fluorine, trifluoromethyl or carboxyl at the 2-carbon bridge. Figure 3 . Though the lithographic performance of these copolymers shows promise, there are still improvements to be made in polymer transparency. The increase in absorbance observed in copolymers 5 and 7 when compared to the norbornane hexafluoroalcohol homopolymer is attributed to the carbonyl functionality in protecting groups. In light of this, it was envisaged that incorporation of a protecting group that contained no carbonyl group could offer a norbornane-based vinyl addition copolymer with a still lower transparency at 157 nm. The acetalprotected copolymer 8 was synthesized and its absorbance measured. While this material had only a slight decrease in absorbance at 157 nm when compared to its t-BOC analog (1.78 tm s versus 1.9 µm s, respectively), we believe that with improved purification of this material the absorbance can be significantly decreased. Preliminary imaging studies are shown in Figure 5 . The contrast of 8 is improved when blended with copolymer 5.
Tricyclononene
(TCN) Copolymers: The incorporation of geminally CF3-substituted norbornenes into a polymer using the vinyl addition catalysts that made polymers 5, 7 and 8 is difficult. The reason for this may stem from the reduced electron density of the double bond resulting from the close proximity of the electronwithdrawing groups, from steric inhibition, or both. In order to incorporate these monomers into a polymer system, we have moved the trifluoromethyl group further away from the double bond by synthesizing the corresponding tricyclononene (TCN) analogues.
In a previous reports, our group demonstrated that a model TCN polymer that contained a geminal trifluoromethyl group could be synthesized with a Pd(II) vinyl addition catalyst and was relatively transparent at 157 nm.
Monomer 9 was synthesized, and copolymerized with NBHFA to produce copolymer 10, which has an absorbance of 2 µm"s at 157 nm. The results of preliminary imaging work utilizing resist formulations that contain 10 and the carbon monoxide copolymer 6 as a dissolution inhibitor are shown in Figure b . The synthesis of copolymers derived from 2-trifluoromethacrylates by anionic polymerization has been reported.3'8 while these materials did produce positive-tone images with 157 nm exposure, they suffered from poor contrast. The imaging capabilities of this system could be improved by synthesizing a copolymer that contains both a 2-trifluoromethacrylate and a geminally-substituted fluorinated norbornene in the backbone. 2-Trifluoromethyl bicyclo (2.2. 1)hept-5-en-2-ol (11) was synthesized by the Diels-Alder addition of cyclopentadiene to 2-acectoxy-3,3,3 trifluoropropene, followed by hydrolysis of the resulting ester. Monomer 11 was believed to be a favorable candidate for incorporation in such a resist as it is highly polar but not sufficiently acidic to dissolve in 0.26N TMAH. Gas phase measurements of the hydrogenated version of 11 (lib) demonstrated that it is quite transparent at 157 nm (Figure 7) .
Monomer 11 and tert-butyl 2-trifluoromethacrylate were radically copolymerized with AIBN resulting in copolymer 12 which displayed the 2:1(2-trifluoroemthacrylate norbornene) incorporation that was first reported by researchers from IBM.9 Resist formulated from this copolymer had significantly higher contrast than those produced with copolymers with an all 2-trifluoromethacrylate backbone. Images generated in resist formulated from this copolymer are shown in Figure 8 . This resist required a high PAG loading (15 wt%) and a high exposure dose in order to image, presumably due to the high amount of protecting group that was incorporated into the polymer.
Furthermore, VASE spectroscopy revealed a surprisingly high absorbance of 2.7 µm"1 at 157 nm for this copolymer.
In light of these drawbacks, we chose to design a 2-trifluoromethacrylate/norbornene based resist with the protecting group for chemical amplification substituted on the fluorinated norbornene. This would lead to a much lower mole ratio of protecting group incorporated into the resist.
For this purpose, we synthesized monomer 13 which contained a protected carboxylic acid as opposed to a protected alcohol. This was utilized in order to mimic the high contrast of copolymer 5. The highly fluorinated monomer 14 was synthesized in order to increase transparency at 157 nm. These materials were reacted with V601 to produce the 2:1 copolymer 15. VASE spectroscopy proved that the higher fluorine content in did result in a lower absorbance at 157 nm (2.2 µm'). Also, a significantly lower PAG loading (6 wt%) and a lower dose was Dissolution Inhibitors:
As an alternative to classical chemically amplified resist design, our group has also been exploring a 3-component resist platform. We are studying the lithographic characteristics of PNBHFA and a variety of dissolution inhibitors. We first examined the effect of t-boc protected bisphenol A (17) in order to study dissolution rate inhibition. remarkable 10).
Much to inhibition our surprise, 17 had a effect on PNBHFA ( Figure   The photolithographic capabilities of this system were also evaluated. Compound 17 was formulated in PNBHFA (10 wt%). Exposure at 248 nm provided high contrast images (Figure 11 ). Due to this encouraging result, we are aggressively investigating the utility of other dissolution inhibitors with PNBHFA in a 3-coponent resist system for 157 nm lithography. tone images when added to PNBHFA and exposed at 157 nm. It is envisaged that a variety of fluorinated materials analogous to 18 can also function as transparent dissolution inhibitors for 157 nm photolithography.
By systematically replacing hydrogen with fluorine on the norbornane skeleton, we have learned how the number of fluorines and their substitution pattern will affect absorbance at 157 nm.
This knowledge was used to design a copolymer which contains geminal electronwithdrawing groups.
The transparency of these copolymers was improved by utilizing a t-BOC protecting group, which allowed for the incorporation of gemmal trifluoromethyl groups on each monomer unit.
Blends of the copolymers produced the best imaging results. These materials have a relatively low absorbance at 157 nm, but we believe that transparency can still be improved by replacing the carbonate protecting groups with acetals. We have synthesized an acetal-protected vinyl addition copolymer which has a lower absorbance than its t-BOC protected analog that produced acceptable positive-tone images. While the absorbance of these materials would ultimately be improved with an electron-withdrawing group on the two-carbon bridge, we have not been able to incorporate such monomers into a copolymer using any vinyl addition catalyst. This has inspired us to pursue TCN monomers and 2-trifluoromethyacrylates in order to incorporate these intriguing materials into copolymers. Both of these monomers have been incorporated into resists that have provided images with 157 nm exposure.
We are also investigating a 3-component resist system design for 157 nm lithography by incorporating a PAG and a variety of dissolution inhibitors into PNBHFA.
